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We discuss the design and implementation of a system for generating charged multilayer graphene
nanoplatelets and introducing a nanoplatelet into a quadrupole ion trap in high vacuum. Levitation
decouples the platelet from its environment and enables sensitive mechanical and magnetic mea-
surements. The platelets are generated via liquid exfoliation of graphite pellets and charged via
electrospray ionization. A single platelet is trapped at a pressure of several hundred millitorr and
transferred to a trap in a second chamber, which is pumped to UHV pressures for further study.
I. INTRODUCTION
The properties of graphene and other two-
dimensional materials are strongly affected by the
substrate to which they are attached[1][2], making these
materials ideal candidates for levitated study. Previous
work has shown that a charged, micron-scale graphene
platelet can be confined in an electric quadrupole trap
in high vacuum and caused to rotate at high frequencies
using circularly polarized light[3]. More recently, we
have performed magnetic measurements of unparalleled
sensitivity on trapped platelets that have been gyro-
scopically stabilized using a radio frequency electric
field[4]. This technique shows promise for other new
measurements; for example, a levitated, gyroscopically
stabilized nanoplatelet could be incorporated into cavity
optomechanics experiments. Additionally, flexural
modes of the rotating, centrifugally tensioned membrane
could be studied.
To achieve the high rotational frequencies and torque
sensitivities needed for this research, it is necessary to
perform the experiments at pressures of 10−8 Torr and
lower. Since the process of injecting the platelet into
the trap generates water vapor and may introduce other
contaminants, it is difficult to achieve ultra high vacuum
(UHV) pressures in the chamber in which the particle is
initially trapped. To resolve this problem, we perform
the initial particle collection using a movable trap, and
the particle is subsequently transferred to a trap in an ad-
jacent chamber, which is kept as clean as possible. This
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paper describes improvements in the procedure for gen-
erating and trapping graphene platelets, as well as the
mechanics of transferring the particle between traps.
II. TRAP DESCRIPTION
We use traps similar in principle to the Paul trap[5],
which is commonly used for ion trapping but is suitable
for trapping charged micron-sized particles as well. A
stylus geometry[6] allows two traps to be brought very
close together, facilitating the transfer of particles be-
tween traps. In this section, we will describe the primary
trap used for experiments (the “fixed trap” in Fig. 1);
the movable trap used for particle collection is of almost
identical design.
A drawing of the trap geometry is shown in Fig. 2a.
The trap consists of two coaxial conical electrodes made
of stainless steel. The outer electrode has a radius of
0.8 mm at the tip. The inner electrode has a hole of
radius 0.2 mm drilled through its axis to admit a laser
beam which is used to impart angular momentum to the
particle. The tip of the inner electrode is recessed by 0.2
mm from the outer electrode tip. A slot of width 1.2
mm is cut across the tip of the outer electrode in order
to break the axial symmetry of the trap. The trap is
enclosed in a vacuum chamber whose walls are grounded.
If a dc voltage of amplitude Vout is applied to the
outer electrode, while the inner electrode is held at
ground, the electric field E reaches a zero value at a point
r = 0 approximately 0.75 mm from the tip of the outer
electrode, along the axis of the trap. An electrostatic
potential cannot have a local minimum in three dimen-
sions, so a charged particle cannot be trapped in this
configuration.
If, however, the potential applied to the outer
electrode varies sinusoidally in time, with V (t) =
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Figure 1. Top view of experimental apparatus. Particle collection and experimentation are performed in separate chambers to
avoid contamination. Particle is initially collected in a trap mounted on a motorized linear shift mechanism. With gate valve
open, moving trap can be brought near fixed trap and particle can be transferred between traps. The moving trap is shown
fully retracted; in this position the distance between traps is 24.5 cm. Both chambers may be evacuated by a turbo pump (not
shown) or an ion pump.
Vout cos (Ωtt), the particle experiences a pseudopotential
given by[3]:
Ψ (r) =
1
4
q
m
1
Ω2t
E2 (r) , (1)
where q is the charge on the particle, m is its mass, Vout
is the amplitude of the voltage applied to the outer elec-
trode, and Ωt is the frequency of Vout. In the above
equation, the damping of the particle’s motion due to
the background gas has been neglected because experi-
ments are generally conducted at low pressures, where
the velocity damping rate is several orders of magnitude
smaller than Ωt. As the damping rate becomes compara-
ble to Ωt, the pseudopotential becomes smaller and the
particle is more weakly confined. A color plot of |E| is
shown in Fig. 2b. The effective potential well is centered
at the zero point of the electric field.
Near the point r = 0 where E=0, the electric poten-
tial may be approximated as a quadratic function:
V (x, y, z)
Vout
=
αxx
2 + αyy
2 + αzz
2
2z20
, (2)
The z-axis lies along the axis of the trap electrodes, the x-
axis lies perpendicular to the slot in the outer electrode,
and the y-axis lies parallel to the slot. z0 is a parameter
that depends on the electrode configuration. Plots of the
potential along the cartesian dimensions were obtained
via electrostatic simulations (using COMSOL v4.3a) and
are shown in Fig. 2(c-d). Quadratic fits give αx/αz =
0.32, αy/αz = 0.60, z0 = 1.7 mm. The particle is less
tightly confined in the direction parallel to the slot.
For small amplitudes of motion, the particle under-
goes simple harmonic motion in the well, with character-
istic frequencies of oscillation given by[3][7]:
ωx,y,z = |αx,y,z| 1√
2
q
m
Vout
Ωtz20
, (3)
The presence of three distinct eigenfrequencies allows
us to resolve the translational motion of the particle in
three dimensions using scattered light collected in a sin-
gle lens[7]. For a recently studied particle with a charge-
to-mass ratio of 6.1 C/kg, using a trap frequency of
νt = Ωt/ (2pi) = 15 kHz, we observed eigenfrequencies
of νx = 300 Hz, νy = 450 Hz, and νz = 750 Hz, where
νx,y,z = ωx,y,z/ (2pi). The observed eigenfrequency ratios
νx/νz = 0.4 and νy/νz = 0.6 are in good agreement with
the ratios predicted by simulation.
The trap is enclosed in a vacuum chamber of diameter
15 cm. Windows with anti-reflective (AR) coatings per-
3Figure 2. (a) Diagram of tip of trap. Outer electrode tip
diameter 1.6 mm. Slit width 1.2 mm. Slit depth 0.6 mm.
Inner electrode tip is recessed 0.2 mm from outer tip. A hole
is drilled through the axis of the inner electrode to admit a
circularly polarized 671 nm laser beam (red), which may be
used to impart angular momentum to the trapped graphene
platelet. The platelet is imaged via scattering of a 532 nm
laser beam (green), directed horizontally. Platelet shown is
not drawn to scale. (b) Cross sectional plot of |E|. The square
of this quantity is proportional to the effective trapping po-
tential given by Eq. 1. A minimum is observed about 0.75
mm from the tip of the trap electrodes. Section plane is ver-
tical and perpendicular to slot across tip of outer electrode.
(c) Plot of electric potential along axis of trap, with voltage
Vout on outer electrode. Trap center lies at potential maxi-
mum, about 0.75 mm from tip of outer electrode. (d) Plot of
electric potential in plane normal to axis along lines through
trap center, parallel to slot (circles) and perpendicular to slot
(triangles).
mit a laser beam to enter and exit the chamber. Static
electrical charge may build up on the insulating windows;
where possible, extra flanges are used to set windows
away from the particle to minimize the effects of these
charges on the particle. The window through which the
scattered light exits could not be recessed due to the fo-
cal length of the lens; to minimize charge buildup, this
window is coated with indium tin oxide (ITO) so that it
acts as an optically transparent electrode (OTE).
The particle is detected by means of a vertically polar-
ized 532 nm laser directed horizontally across the cham-
ber. Light scattered from the particle is collected and
focused by a lens outside the chamber. A non-polarizing
beamsplitter divides the focused light equally between
a ccd camera[8] and dual high-speed photodetectors[9].
Both the laser and the lens/photodetector/camera as-
sembly are mounted on 3-axis translation stages for pre-
cise alignment with the trapped particle. The portion
of the beam that is not scattered exits through another
Figure 3. Graphene suspension in isopropyl alcohol water
mixture. (a) After sonication. (b) After centrifugation.
window and is collected in an anti-reflective beam dump.
At chamber pressures in the tens and hundreds of
millitorr, the particle’s motion is strongly damped by
the surrounding gas, and spontaneous escape from the
trap is rarely observed; particles have remained in the
trap for months. Lower pressures are required, however,
for high rotation frequencies and sensitive torque mea-
surements. At P < 10−7 Torr, trap lifetimes are much
shorter, typically on the order of hours. Consequently,
we use a feedback cooling method[7][10] to stabilize the
translational motion of the particle, extending the trap
lifetime to weeks.
Stray dc or quasi-static electric fields may develop
in the vicinity of the trap[11][12]. They may arise from
buildup of charged material on the electrodes or walls
of the vacuum chamber. The presence of such fields en-
hances the sensitivity of feedback cooling to noise, lim-
iting the achievable cooling efficiency[7]. Also, if stray
fields are very strong, they may affect the transfer pro-
cess. In order to null the effects of stray fields, we apply
dc voltages of up to 15 V on each of three nulling elec-
trodes surrounding the trap (see Fig. 1).
III. GRAPHENE SUSPENSIONS
Graphene platelets are generated via liquid exfolia-
tion, a process in which bulk layered materials are son-
icated in a solvent to cause the layers to separate. Liq-
uid exfoliation has been performed on a large variety of
layered materials[13], any of which could in principle be
studied in this system. While some research has found
that the addition of a surfactant produces suspensions
of higher concentration and greater stability[14][15], we
avoid the use of any additives that may leave residue on
the platelets after evaporation.
A brief description of the preparation method follows;
details can be found in a previous publication[3]. 5 mg
of graphite pellets are placed in a glass vial with 5 mL of
a solution of 3 parts isopropyl alcohol to 1 part deionized
water and sonicated for 30 minutes, resulting in a dark
4liquid containing particles of varying thicknesses, includ-
ing some unexfoliated graphite chunks (Fig. 3a). This
liquid is centrifuged for 30 minutes to bring to the bot-
tom the thickest particles, which sediment the fastest.
The resulting suspension is shown in Fig. 3b.
We characterize the initial suspension density and
rate of settling by measuring the attenuation of a 532 nm
laser beam directed through the middle of the vial. The
average attenuation coefficient immediately after prepa-
ration is 138 m−1, with a standard deviation of 33 m−1.
Hernandez[16] finds the relationship between concentra-
tion and attenuation for exfoliated graphene to be 2500
L g−1 m−1, which suggests that our suspensions have a
concentration of 60 mg L−1. The suspensions settle over
time, with the attenuation coefficient dropping approxi-
mately exponentially. The time constant of this settling
is on the order of years and increases for suspensions cre-
ated with fresher alcohol/water solutions.
IV. PARTICLE COLLECTION
A. Procedure
The suspended graphene particles are given an electri-
cal charge and delivered to the trap via the electrospray
ionization technique[17]. The relevant section of the ap-
paratus is shown in Fig. 4. Graphene suspension is drawn
from the vial using a 22 gauge stainless steel needle into
a 500 µL syringe. Liquid is injected into the system using
a dual syringe pump system[18]. One pump holds the sy-
ringe of graphene suspension, while the other holds a sy-
ringe of pure alcohol/water solution. The alcohol/water
syringe pump is used for cleaning purposes only; during
normal particle collection, only the graphene suspension
is pumped in. Tubing made of PEEK (polyether ether
ketone, a polymer with good chemical resistance), with
an inner diameter of 0.5 mm, is used to carry fluid from
each syringe down into a cylindrical chamber (the “elec-
trospray chamber” in Fig. 4). Within the chamber, the
tubes empty into a 3-way fitting that directs the liquid
flow into a stainless steel needle of inner diameter 100
µm and length 3.5 cm[19].
The emitter needle tip sits about 5 mm above a vac-
uum chamber (the “collection chamber” in Fig. 4) whose
opening is covered by a stainless steel diaphragm with a
75 µm diameter pinhole[20]. The electrospray chamber
column is made with a section of flexible vacuum bellows
to allow the emitter needle to be precisely positioned with
respect to the pinhole, as well as a glass window to allow
viewing of the electrospray cone.
The electrospray chamber is kept near atmospheric
pressure and constantly purged with N2 gas, while the
collection chamber is evacuated by a roughing pump.
The pressure in the collection chamber depends approxi-
mately linearly on the diameter of the pinhole, as well as
on the pumping rate, and for our system is ∼540 mTorr
for a clean 75 µm pinhole. The emitter needle is held at a
voltage of several kV, while the diaphragm is grounded.
The emitter passes through a metal bar with a hole just
large enough for clearance; this serves both to keep the
emitter vertical and make electrical contact via a wire
soldered to the bar.
For liquid flow rates greater than 0.5 µL min−1 and
emitter voltages of 2100-3000 V, the liquid exits the emit-
ter in a cone of charged microdroplets, some of which
contain charged graphene platelets. This cone can be
seen with the naked eye when illuminated with a laser
pointer through the glass wall of the electrospray cham-
ber. Images of the emitter tip when idle and spraying
are shown in Fig. 4(a,b).
The collection chamber holds a movable trap mounted
with its axis horizontal. This trap is identical to the one
described in Sec. II, except that it is axially symmetric,
lacking the slit cut across the outer electrode. It also
lacks the hole through the axis of the inner electrode.
Its tip is positioned below the pinhole. A gate valve
(the “electrospray gate valve”) lies between the rough-
ing pump inlet and the trap, so that the lower part of
the collection chamber can be closed off and evacuated
with a turbo pump. When the gate valve is open, parti-
cles can continue their trajectory into the vicinity of the
potential well.
A working set of system parameters for capture of
positively charged particles from the suspensions de-
scribed in Sec. III are as follows. A voltage of +2400
V is applied to the emitter tip, while liquid is expelled
from the emitter at a rate of 1 µL min−1. An oscillating
voltage is applied to the outer electrode of the trap, with
amplitude Vout = 300 V and frequency νt = 35 kHz. A
dc bias Vdc = −3 V is applied to the inner electrode.
Negatively charged particles can be collected by simply
reversing the polarities of the emitter voltage and the dc
bias.
Particles in the collection chamber are detected in a
similar manner to those in the experimental chamber: a
532 nm laser beam is directed through the vicinity of
the trap and the scattered light is collected by a lens
outside the chamber and focused onto a CCD camera
and photodetector[21] (see Fig. 1). Laser power is set to
approximately 1 mW for particle visibility during collec-
tion, although smaller powers are used for most experi-
ments. During electrospraying, particles can typically be
seen on the CCD camera passing through the vicinity of
the trap at a rate of approximately 1 per second. Over
a few minutes, ten or more particles typically collect in
the trap. Unwanted particles may be selectively expelled
from the trap by adjusting the trap frequency νt or the
inner electrode dc bias Vdc. Decreasing νt expels parti-
cles with higher charge-to-mass ratios, while increasing
Vdc to a positive value of a few volts (or a negative value
if collecting positively charged particles), with νt at a
relatively high value, expels particles with lower charge-
to-mass ratios.
For a particle of a given charge-to-mass ratio, there is
a minimum trap frequency νmin below which the particle
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Figure 4. Side view of particle collection chamber. Drawing is
not to scale. Operation is explained in Sec. IV. Syringe pumps
are mounted on posts above the electrospray chamber. The
HV bar and emitter are suspended within the electrospray
chamber on insulating plastic posts. The electrospray cham-
ber contains a section of flexible vacuum bellows, which allows
the emitter to be positioned precisely over the pinhole. The
top section of the chamber is positioned using a 3-axis trans-
lation stage, while the remainder of the apparatus is fixed
to the table. The inset shows close-up photos of the emitter
needle illuminated with a laser pointer, with the electrospray
(a) off, (b) on, showing an ideal symmetrical cone, and (c)
on, showing a skewed cone resulting from a partially clogged
emitter.
cannot be confined. As νt approaches νmin, the potential
well becomes shallow and the image of the particle on the
CCD camera changes shape. For transfer and subsequent
study, νt is set to 1.5× νmin.
B. Collecting silica particles
In addition to graphene platelets, it is possible to cap-
ture silica nanoparticles. We prepared a solution of man-
ufactured silica spheres of diameter 416 nm[22] in the
same alcohol/water solution used for graphene suspen-
sions. The spheres were dispersed in the solution by shak-
ing the vial; they stay suspended for a matter of hours.
The spheres are readily captured using the same volt-
age and trap frequency settings as are used for graphene.
Their large size makes them useful for calibration of op-
tics and testing of transfer procedures.
C. Cleaning of the system
With continued use of the particle collection system,
graphene particles build up on the inside of the emitter
needle. When the emitter is clean, the electrospray cone
disappears within ten seconds after the syringe pump is
turned off; however, as the needle becomes clogged, the
stopping time increases. We have observed that stopping
times in excess of 30 seconds are often associated with
a decreased rate of trapping of large (∼ 1 µm) particles,
suggesting that the built up graphene material may be
partially blocking the opening. Occasionally, long stop-
ping times are also associated with a skewed electrospray
cone, as seen in Fig. 4c. In extreme cases, the electro-
spray may refuse to start at all.
We attempt to forestall graphene buildup by spray-
ing alcohol/water mixture after each session of particle
collection for at least 8 minutes, long enough for several
flushes of the plumbing downstream of the 3-way fitting.
If a particle is in the collection chamber trap, the electro-
spray gate valve can be closed during this process. De-
spite these precautions, the system still eventually shows
signs of clogging, usually after several cumulative hours
of electrospray. The blockage can usually be cleared by
removing the syringe pump and emitter assembly from
the system and manually expelling 2000-5000 µL of al-
cohol/water mixture through the emitter at a fast flow
rate. In some cases, the emitter cannot be cleaned and
must be replaced.
Particles also build up around the edge of the pinhole
as they pass through, reducing the effective pinhole di-
ameter. This results in a gradual drop in pressure in the
collection chamber with continued electrospraying, and
usually also a drop in the rate of collection of large par-
ticles. For a 75 µm diameter pinhole, the system can be
operated for approximately 2-3 cumulative hours of elec-
trospraying before the pressure drops to ∼350 mTorr,
around which point particles large enough to be conve-
6nient for study (on the order of 1 µm in diameter) are
no longer collected and the diaphragm must be replaced.
Smaller pinholes become clogged even faster.
V. TRANSFER OF PARTICLE BETWEEN
TRAPS
A diagram of the two traps is shown in Fig. 1. The
trap in which the particle is collected (the ”moving trap”
in Fig. 1) is mounted with its axis of symmetry horizon-
tal on a rod 200 mm in length. The trap is moved us-
ing a linear shift mechanism[23]. The shift mechanism
is controlled with the combination of a servo motor[24],
and a planetary gearhead[25] with gear ratio 10:1. A mi-
crometer is fitted to the shift mechanism to read out the
position of the trap, which can be controlled to within
0.1 mm. The trap is shifted with an acceleration of
∼0.8 mm sec−2 and a maximum speed of ∼0.8 mm sec−1.
Gradual acceleration is used to avoid particle escape.
Initial particle capture is performed with the gate
valve between the two chambers closed. Once a parti-
cle is captured, the collection chamber is pumped down
to below 1× 10−6 Torr in order to evacuate most of the
water vapor residue. The gate valve is opened to allow
the moving trap to pass through. At microtorr pressures,
the particle’s motion is weakly damped, and it is likely
that the particle will escape from the trap (as the po-
tential well becomes shallower) during transfer. For this
reason, pressure is increased to 30 millitorr using helium
gas from a clean source[26]. The outer electrode voltages
are set at maximum (Vmoving = 300 V) for the moving
trap and roughly 80% of maximum (Vfixed = 250 V) for
the fixed trap. The moving trap moves along its own
axis of symmetry, which is positioned about 1 mm above
the tip of the fixed trap. The tip of the moving trap is
brought to a distance of about 1 mm from the axis of the
fixed trap. Optionally, the inner electrode dc bias may
be set at Vdc = −4V to pull the particle closer to the
trap while it is moved. Especially for smaller particles,
this seems to decrease the likelihood of particle loss. Af-
ter movement of the trap, the bias is reset to zero. The
potential landscape at this point in the transfer process
is shown in Fig. 5a. It is usually possible to see the par-
ticle on the CCD camera in the subsequent steps of the
transfer process.
Two potential wells are now visible. The particle sits
in the lower left well but has a chance of escaping to
the upper right well as the potential barrier between the
wells drops during transfer. With the traps stationary,
the voltage on the fixed trap is increased to maximum
(Vfixed = 300 V). The resulting potential landscape is
shown in Fig. 5b. The voltage on the moving trap is then
decreased to Vmoving = 250 V, causing the well contain-
ing the particle to move closer to the fixed trap and the
empty well to move off to the upper left of the diagram
(Fig. 5c). The moving trap voltage is further decreased
to Vmoving = 30 V in small increments as the trap is re-
tracted to a distance of 2.4 mm (Fig. 5d). Finally, the
moving trap is retracted to its initial position in the col-
lection chamber. The experimental chamber can now be
isolated by closing the gate valve.
Both practice and simulation show that the ideal dis-
placement of the tip of each trap from the axis of the
other trap is 1 mm. A transfer simulation with each trap
displaced by 1.2 mm is shown in Fig. 5(e-h). In this case,
the two wells join together (Fig. 5f) as the fixed trap volt-
age is increased to maximum. As the moving trap voltage
is decreased and the wells separate and move apart, the
particle is likely to remain in the upper well and fail to
transfer to the fixed trap. With vertical and horizontal
separations ranging from 1.2-1.4 mm, a successful trans-
fer can still sometimes be achieved by applying a large
voltage to all three auxiliary nulling electrodes (shown
in Fig. 1) to pull the particle downwards to keep it in
the correct well. For trap displacements of 1.6 mm or
greater, the well containing the particle completely fails
to transfer to the fixed trap.
In the present experimental configuration, the trap
voltages are sourced from a dual-channel signal generator
and amplified using identical high-voltage amplifiers[27].
During transfer, the ac voltages on the two traps must be
in phase with each other. Experience has shown that a
phase difference of more than about 10 degrees will result
in an unsuccessful transfer.
VI. CONCLUSIONS
In order to enable experiments on graphene
nanoplatelets maximally decoupled from their environ-
ment, we have established a method of collecting a
nanoplatelet in a quadrupole ion trap and transferring it
to a second trap in a chamber that can be pumped down
to UHV pressures. Collection of particles large enough
for convenient study (with estimated diameters on the
order of 1 µm) is reasonably efficient. With a clean sys-
tem, the median time to collection of such a particle is
roughly 15 minutes of electrospraying, with standard de-
viation 10 minutes. For this size of particle, the transfer
success rate at a pressure of 30 mTorr is nearly 100%,
assuming proper alignment of the traps. Smaller parti-
cles are more often lost during transfer; the reason for
this is not yet understood, but may be related to the
fact that smaller particles typically have larger charge-to
mass ratios.
An area meriting further study is the graphene sus-
pension recipe. Particles collected have been estimated
to have thicknesses ∼10 layers or more, while the ideal
platelet would be single-layer. It is possible that a dif-
ferent solvent mixture would achieve better exfoliation of
the graphite. Also, further improvements to the transfer
procedure may be possible. While desired experimen-
tal pressures are 10−8 Torr or lower, the current transfer
procedure is reliably successful only at pressures of ∼10
mTorr and higher. Fine-tuning of the trap voltages and
7Figure 5. Cross-sectional view of ponderomotive potential landscape at four “snapshot” moments during transfer. The section
plane is vertical, so that the moving trap appears on the left and the fixed trap appears at the bottom. The slot in the fixed
trap is neglected for simplicity. The trap voltages for each of the four snapshots are shown at top. A successful transfer is
shown in parts (a-d). (a) With Vmoving = 300 V, Vfixed = 250 V, the traps are brought into proximity such that the tip of each
trap is offset by 1 mm from the axis of the other trap. The particle lies in the lower left hand well. (b) Vfixed is increased to 300
V. (c) Vmoving is decreased to 250 V. The empty well moves toward the upper left, while the well containing the particle moves
toward the fixed trap. (d) The moving trap is retracted to about 2.4 mm from the axis of the fixed trap as Vmoving is decreased
to 30 V. The well containing the particle now lies above the fixed trap. An unsuccessful transfer is shown in parts (e-h). (e)
The tip of each trap is offset by 1.2 mm from the axis of the other trap. (f) As Vfixed is increased, the two wells combine. (g)
When the wells separate as Vmoving → 250 V, the particle remains in the upper well unless a large dc voltage is applied to the
auxiliary electrodes to draw the particle down toward the fixed trap. (h) As Vmoving → 30 V, the upper well disappears and
the particle is lost.
separation distances may enable transfer at lower pres-
sures, although a limit will be imposed by the fact that
the particle tends to escape from the trap at pressures be-
low ∼1 µTorr in the absence of feedback cooling (which
cannot be used during transfer).
Since particles are detected purely optically, measure-
ments of characteristics such as size, shape, and thickness
must be performed indirectly and involve considerable
uncertainty. We are developing a method of expelling
the flake from the trap and directing its trajectory onto a
substrate where it can be characterized more precisely via
conventional microscope. Kuhlicke and colleagues have
demonstrated success at a related task, that of deposit-
ing silica microspheres from a Paul trap onto an optical
fiber[28].
We predict that our graphene suspensions can be re-
placed with any one of the wide variety of 2D materi-
als that can be generated by liquid exfoliation[13]. Our
transfer technique could be used to deliver samples to en-
vironments inhospitable to the collection process: for ex-
ample, to traps inside strong magnets for measurements
in the quantum Hall regime.
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